Abstract
Introduction
A Wireless Body Area Network (WBAN) is a network of which the nodes are situated in the clothes, on the body or under the skin of a person. These nodes are connected through a wireless communication channel and form a network that typically expands over the body of a person. According to the implementation, the nodes consist of sensors and actuators, placed in a star or multihop topology [1] .
A WBAN offers many promising, new applications in medicine, multimedia and sports, all of which make advantage of the unconstrained freedom of movement a WBAN offers. A patient, for example, can be equipped with a WBAN consisting of sensors that constantly measure specific biological functions, such as temperature, blood pressure, heart rate, ECG, EEG, respiration, etc. The advantage for the patients is that they don't have to stay in bed, but can move freely across the room and even leave the hospital. This improves the quality of life for the patient and reduces hospital costs. In addition, data collected over a longer period and in the natural environment of the patient offer more useful information, allowing a more accurate and sometimes even faster diagnosis.
An important step in the development of a WBAN is the characterization of the physical layer of the network, including an estimation of the path loss between two nodes on the body. This requires a detailed characterization of the electromagnetic wave propagation and antenna behavior near the human body. The very complex shape and intern structure of the human body make it impossible to derive a simple path loss model. However, to investigate the influence of biological tissue on the path loss between two antennas, we can limit ourselves to half-wavelength dipoles near a flat, lossy and layered medium, modeling different kinds of human tissue. In a first step (Section 3.1), we characterize the wireless channel above a flat, lossy and homogeneous medium, leading to a semi-empirical path loss model. We investigate the influence of the relative permittivity and the conductivity of homogeneous biological tissue on the scattering parameter |S 21 |. Also the effect of the antenna height above the medium is examined. In a second step (Section 3.2), we analyze a layered medium and the influence of a layer's thickness on |S 21 |. All the simulations and measurements are performed at a frequency of 2.4 GHz, situated in the license free Industrial, Scientific and Medical (ISM) frequency band.
Measurement and simulation setup
Using the EMSS FEKO simulator [2] , based on the Method of Moments (MoM), we simulate horizontal half-wavelength dipoles placed closely above a flat, lossy and semi-infinite dielectric. Fig. 1 shows the simulation setup. Tx and Rx represent the transmit and receive antenna, respectively. d is the distance between the centers of the dipoles, t is the thickness of the dipoles, h is the height of the antenna center above the medium and is the length of the dipoles. ε r and σ represent the relative permittivity and the conductivity (S/m) of the tissue simulating medium, respectively. Identical half-wavelength dipoles are used at 2.4 GHz, with a length = 0.46λ = 5.75 cm and a realistic diameter t = 1 mm. An applied E-field source model, which corresponds to an applied voltage over the source segment, is used and the length of the source segment is made equal to the length of the other segments. Furthermore, the FEKO simulator allows us to model the flat phantom by the built-in theoretical Green's function for semi-infinite, planar, multilayer substrates. This greatly speeds up computation time compared to FDTD methods because the influence of the flat phantom is taken into account implicitly. The simulation results are compared with measurements performed with a vector network analyzer (Rohde & Schwarz ZVR). Two half-wavelength dipoles with a length of 5.75 cm and a diameter of 1 mm are placed above a rectangular box phantom with dimensions 80 x 50 x 20 cm³, recommended by the CENELEC standard EN50383 [3] . The size of the box has been chosen to correspond to the average trunk of an adult man. The phantom shell has a thickness of 1 cm (± 1 mm) and is filled with tissue simulating liquid. The transmit antenna Tx is fixed above the liquid surface, while the receive antenna Rx is moved above the liquid by means of a robot with a threedimensional accuracy of 25 μm.
In all the simulations and measurements, the dipoles are parallel to each other and lined up for maximal power transfer. The properties of the biological medium will be varied in order to investigate the influence on the scattering parameter |S 21 |. The path loss in this paper is defined as -|S 21 | dB . Fig. 2 shows the measurement and simulation results for Tx and Rx both 1 cm above brain simulating tissue (ε r = 34.3 and σ = 1.74 S/m) and distances up to 50 cm. As the measurements are performed in a nonanechoic environment, resulting in undesired reflections, a de-embedding step is performed [4] . Therefore, at each position of the antennas, S 21 (f) is measured from 300 kHz up to 4 GHz. This frequency range of 3.9997 GHz is necessary to be able to distinguish the direct and reflected waves in the time domain. Next, we take the inverse Fast Fourier Transform (FFT) to derive s 21 (t) in the time domain. Reflections in s 21 (t) are then mitigated by a tenth-order Butterworth digital pass-band filter. Finally, the FFT is taken to obtain S 21,filtered (f), corrected for the unwanted reflections.
Results

Homogeneous biological tissue
The raw measurement in Fig. 2 shows the unprocessed results, which suffer heavily from reflections coming from the wall, the robot and the phantom itself. After de-embedding, the filtered measurement is obtained. As can be seen, the filtered measurement shows excellent agreement with the simulated results in FEKO, witnessing a maximum deviation of only 0.6 dB. 
Layered biological tissue 3.2.1 Specific configuration.
A series of simulations was performed with different semi-infinite biological tissues and compared with a layered combination of these tissues, approximating the structure of a human torso. The layered medium consists of skin (an average between epidermis and dermis), fat (representing the subcutaneous tissue), muscle tissue and a layer representing an average of all the intestines (Fig. 3) . The characteristics [5] of these tissues and their thickness in case of the layered combination are shown in Table 1 . The results for average intestines tissue is not shown in this figure because it almost coincides with the curve for muscle tissue. This can be explained by the fact that the characteristics of average intestine tissue only differ slightly from the characteristics of muscle tissue ( Table 1 ). The curves for fat and muscle tissue are only shifted 1.4 dB on average, although their differences in ε r and σ are quite significant. According to [5] , ε r for the body ranges from 5.2 to 68.4 and σ from 0.09 S/m to 3.41 S/m at 2.4 GHz. Hence, a large part of the human tissues will generate curves situated closely to the ones depicted in Fig. 4 for skin, fat and muscle tissue. Fig. 4 also shows the path loss for the layered biological tissue, using the configuration of Fig. 3 . It is clear that, in this case, the introduction of layers causes |S 21 | to decrease significantly. The power can be 'trapped' in different layers resulting in a reduction of |S 21 |. This phenomenon is shown in Fig. 5 , where power density increases in the skin layer (in this figure Tx is situated at 10 mm). The homogeneous medium thus underestimates the path loss compared to the layered medium of Fig. 3 . Fig. 6 shows the influence of the layer thickness of a particular layer. For these simulations, the antennas were separated 40 cm and placed 1 cm above the medium. The figure shows the variation of |S 21 | when the thickness of one layer is varied from 0.5 mm to 50 mm. For the other layers we use the dimensions in Table 1 . From this figure, it is clear that the influence of the thickness of muscle tissue is of minor importance. For skin and fat tissue, however, the thickness plays a major role.
Variation of layer thicknesses.
Varying the skin thickness from 1 mm to 3 mm, representing realistic values, leads to variations in |S 21 | of 4.2 dB. Varying the thickness of the fat layer from 1 mm to 10 mm leads to variations of 6.1 dB. We also see that the influence of a layer's thickness decreases as the layer becomes thicker, leading to a constant value for |S 21 | from a certain thickness on. This is because, at 2.4 GHz, the layered medium is then increasingly acting as a homogeneous medium, since the wavelength in, for example, skin tissue is only 2.0 cm. The layer's thicknesses for which the minimum and maximum of |S 21 | occur depend on the thickness of the other layers and the antenna height h, but are independent of the antenna separation d. Table 2 shows the variation between the minimum and maximum value of |S 21 | (in dB) for realistic skin thicknesses and antenna heights (d = 40 cm). Again, for the other layers, we use the values in Table 1 . Clearly, the variation decreases as the antenna height increases. The skin thickness also has a major influence on the variation of |S 21 |. 
Conclusions
The path loss near flat homogeneous and flat layered biological tissue at 2.4 GHz was characterized. Measurements near brain simulating tissue showed excellent agreement with simulations. Homogeneous tissue was compared to layered tissue with realistic dimensions and it was found that the path loss near homogeneous tissue can differ significantly from the path loss near layered media. The influence of the antenna height was characterized and proved to be a very important factor for the path loss. Finally, the effect of the thickness of the different layers was investigated, leading to the conclusion that the thickness of the skin and fat layer have the most significant influence on the path loss.
